Science der these circumstances has led to the hypothesis that University of California, San Diego this particular type of cortical plasticity may be a subLa Jolla, California 92093 strate for enabling normal motor learning and functional 3 Veterans Affairs Medical Center recovery following a lesion. To date, however, it has not San Diego, California 92161 been demonstrated that plasticity of cortical representations is required for normal learning to occur. A key reason why this hypothesis has not been examined more Summary thoroughly is the lack of knowledge pertaining to mechanisms underlying cortical map plasticity.
recent investigations, using highly selective lesions of mit sufficient recovery from the surgical procedure and to allow the immunotoxin sufficient time to fully deplete the cholinergic neurons in the basal forebrain, have basal forebrain cholinergic function. found very modest (if any) learning deficits in many of As described above, an initial study was carried out the same behavioral paradigms studied previously with to determine whether lesioning the basal forebrain chononspecific lesions (see reviews by Baxter and Chiba, linergic system would impair learning of a skilled motor 1999; Wrenn and Wiley, 1998). In the present study, we task. For this purpose, one group of animals (n ϭ 11) have reexamined the role of the basal forebrain cholinerreceived bilateral lesions of the cholinergic neurons of gic system in learning from a different perspective. We the NBM. A second group of rats remained intact (n ϭ first postulate that a key physiological role of the basal 17). Following a 2 week postsurgical interval, rats were forebrain cholinergic system is to modulate plasticity trained on a skilled motor task that involves learning to associated with cortical representations. We then specuse the forepaw to retrieve small food pellets from a ulate that learning paradigms relying heavily upon this platform adjacent a test chamber (Whishaw, 2000) . By unique form of brain plasticity will be particularly sustest day 5, all rats were capable of completing 60 training ceptible to alterations in basal forebrain cholinergic trials within a 10 min period. Both groups of rats showed function. To examine this hypothesis, we have investisignificant improvement in reaching performance over gated the effect of specific basal forebrain cholinergic the training period (Figure 1 ). However, nonlesioned rats lesions upon cortical reorganization associated with learned the task more rapidly and achieved an overall learning a skilled motor task and have addressed the higher level of accuracy than did SAP-lesioned animals functional/behavioral consequences of blocking cortical (average accuracy across all trials ϭ 21.2% Ϯ 4.1% in map reorganization. Results from this study demon-NBM-SAP-lesioned animals compared to 47.4% Ϯ 3.7% strate that disrupting basal forebrain cholinergic funcin intact animals; t(26) ϭ 4.65; p Ͻ 0.0001 unpaired t tion completely blocks cortical map reorganization and test). A post hoc analysis by day indicated that intact significantly impairs, but does not abolish, acquisition animals performed significantly better than SAPof a new motor skill. Lesions of the basal forebrain cholesioned animals on all but the first testing day. linergic system do not lead to a deficit in associative A histological evaluation indicated that SAP lesions fear learning or impair general sensorimotor function. eliminated nearly all cholinergic neurons within the NBM These results support the hypothesis that the basal foreand substantia inominata and dramatically reduced chobrain cholinergic system may be specifically implicated linergic innervation within the motor cortex ( Figure 2) . A in forms of learning that require plasticity of cortical quantitative analysis indicated that SAP lesions reduced representations.
cholinergic innervation to the cortex by an average of more than 99% (Table 1 ) and the cholinergic lesion exResults ceeded 98% completeness in every subject. Thioninstained sections indicated that a distinct needle tract A total of 64 adult male F344 rats were used in this study could be seen in all SAP-and vehicle-injected animals, and were assigned to one of three basic experimental but there was no additional nonspecific tissue damage. paradigms. (1) To initially establish the behavioral conseParvalbumin-stained sections taken through the NBM quences of lesions of basal forebrain cholinergic neuindicated that SAP lesions specifically depleted cholinronal projections to the cortex, 11 animals received bilatergic neurons but did not result in noticeable damage eral lesions of the NBM prior to forelimb reach training, to the GABAergic cells within this region (Figures 2E and 17 unlesioned animals served as controls. (2) To and 2F). determine whether basal forebrain cholinergic lesions To determine whether residual learning in NBMaffect retention of a previously learned skilled motor lesioned animals may have been associated with unlebehavior, additional rats were first trained to perform sioned basal forebrain cholinergic neurons arising from the skilled forelimb reaching task, and then received the medial septum (MS), which primarily innervate the either bilateral lesions of the NBM cholinergic cell group hippocampus and cingulate cortex, an additional experi-(n ϭ 12), bilateral injections of vehicle (n ϭ 3), or sham ment was carried out. For this study, one group of anisurgeries (n ϭ 9). (3) A third set of animals was used to mals (n ϭ 6) received bilateral lesions of both the NBM investigate the effect of combined lesions of the NBM and the MS, while control animals either received injecand medial septum cholinergic systems. For this purtions of vehicle solution in identical locations (n ϭ 3) or pose, six animals received bilateral immunotoxic lesions remained intact (n ϭ 3). All animals were then trained of cholinergic neurons in both the medial septum and to acquire the skilled motor task as in the preceding NBM, three animals received comparable injections of experiment. Animals with combined lesions of the MS vehicle, and three animals remained intact. Following and NBM were significantly impaired in their ability to forelimb reach training, this third group of animals unlearn the motor task relative to either intact or vehiclederwent electrophysiological mapping to determine the injected animals [overall repeated measures ANOVA caudal forelimb representation within the motor cortex F(2,9) ϭ 9. Fisher's analysis comparing Veh and intact groups), and the two groups were combined for additional analyses. task prior to lesioning the cholinergic cells of the NBM. All rats acquired the task to a comparable level and were Figure 4 illustrates representative motor maps obtained from the cortex contralateral to the trained hand subsequently divided into three experimental groups for lesioning: 12 rats received bilateral SAP lesions of the (all rats had a preferred paw that was used throughout the training period) in control and SAP-lesioned trained NBM, 3 received vehicle injections within the NBM, and 9 were left unoperated. Following a 10 day recovery animals and from untrained animals. Since untrained animals did not have a "preferred paw," the size of the period, rats underwent an additional week of behavioral testing. An analysis comparing the performance of each forepaw representation obtained from both hemispheres was averaged. As seen in the representative animal during the week prior to lesioning and the week following lesioning indicated that lesions of the basal maps and confirmed in a statistical analysis of all experimental animals, our results indicate that skilled motor forebrain cholinergic system do not affect performance of a previously learned skilled motor behavior ( Figure  3) . These data clearly demonstrate that, although the basal forebrain cholinergic input to the cortex is critical for enabling an animal to learn a new skilled motor behavior, this system is not required for an animal to perform a previously acquired motor task. Moreover, these data demonstrate that basal forebrain cholinergic lesions alone do not impair motor function in the skilled forelimb task, strongly suggesting that the functional deficit seen in the acquisition phase of testing is due to a learning deficit rather than a motor impairment.
The physiological basis for the learning deficit in animals lacking cholinergic innervation to the cortex could not be determined from the behavioral studies. Previous studies, however, have indicated that skilled motor learning tasks, similar to those used in the present study, lead to the selective expansion of the caudal forelimb representation within the motor cortex (Kleim et al., 1998; VandenBerg et al., 2002). The expansion of motor representations has been observed in rats, monkeys, and humans following motor skill learning, suggesting that cortical map plasticity was a substrate for the forepaw movements and were not included when calcu- presentations, followed by a 10 day consolidation period To determine whether differences in stimulation paand a single testing session including ten tone-only prerameters may have influenced motor map plasticity sentations. In rodents, decreased activity is an expresamong the treatment groups, the minimum and average sion of learned fear (LeDoux, 2000) . The degree of learnstimulus intensity required to elicit an evoked movement ing for each group is expressed as a percentage of the of the forelimb was determined for each animal. No activity rate during the tone presentations relative to the significant group differences were seen in either miniactivity rate during the baseline period. No differences mum or average stimulus intensities required to evoke were observed between the SAP-lesioned and control a forelimb movement for either the trained or untrained animals in the degree of learning with fear conditioning hemispheres [minimum threshold/trained, F(2,15) ϭ (Figure 6 ). This result supports the hypothesis that basal 1.99; p ϭ 0.17; minimum threshold/untrained, F(2,15) ϭ forebrain lesions do not impart global associative learn-2.1; p ϭ 0.16; average threshold/trained, F(2,15) ϭ 1.99; ing deficits and suggests that the impairment in motor p ϭ 0.17; average threshold/untrained, F(2,15) ϭ 2.1;
learning cannot be accounted for by a general learning p ϭ 0.14].
deficit, but rather that it is specific to a cortical motor Results from the present study clearly demonstrate memory system. These data are consistent with the findthat impairing basal forebrain cholinergic function dising that lesions of the cholinergic neurons in the nucleus rupts cortical map reorganization and significantly imbasalis of rats fail to impair aversive learning in an inhibipairs acquisition of a new motor skill. These data support tory avoidance task, whereas the lesions appear to block the hypothesis that the basal forebrain cholinergic sysmemory enhancement by posttraining norepinephrine tem may be an essential contributor to mechanisms in the basolateral amygdala (Power et al., 2002 ). leading to shifts in cortical motor representations, a form
As an additional control, we investigated whether imof plasticity that is required for skilled motor learning to pairments in motor learning following lesions of the take place. To further support this hypothesis, additional basal forebrain cholinergic system were simply due to experiments or analysis were conducted to exclude the overall impairments in sensorimotor function rather than possibility that motor learning impairments observed a learning deficit per se. For this purpose, animals were following basal forebrain cholinergic lesions were the evaluated on a horizontal ladder task that requires rats result of either (1) attention deficits, (2) more generalized to cross an 8 foot span of evenly spaced wire rungs. This learning impairments, or (3) nonspecific sensorimotor task has been used previously to identify sensorimotor deficits.
deficits following acute brain trauma ( These data indicate that the motor learning impairment could be accounted for simply because their attention seen in animals with basal forebrain cholinergic lesions was not engaged by the task. To assess the extent is not associated with nonspecific defects in sensorimoto which each animal maintained vigilance across the tor function but is more likely a reflection of deficits in behavioral task, the time to perform the required 60 trials motor learning. was recorded each day. Each animal performed the required 60 trials on every testing day, and the time Discussion required to complete each day's trials was not different when comparing SAP-lesioned and control animals Data from the present study provide the first experimenacross the testing period [ Figure 5 ; repeated measures tal evidence demonstrating that the basal forebrain cho-ANOVA F(11,110) ϭ 1.21; p ϭ 0.29 for treatment ϫ time; linergic system is essential for mediating cortical plasticand a post hoc analysis using a t test to compare times ity associated with normal learning and support the for each day indicated SAP-lesioned animals only took hypothesis that cortical map reorganization is a key subsignificantly longer to complete the trials on one testing strate for enabling an animal to effectively learn a skilled day, day 14]. These data suggest that all animals mainmotor behavior. The present study demonstrates that tained attentional set and that global attention deficits acquisition of a skilled motor behavior is normally assowere not responsible for the impairment in motor learnciated with an expansion of cortical representation of ing observed in this study, although the contribution of the trained limb and further demonstrates that the more subtle deficits in attention cannot be ruled out. expansion occurs bilaterally in trained animals. SelecTo determine whether lesions of the basal forebrain cholinergic system were specifically impairing motor tive lesions of the basal forebrain cholinergic system plasticity of cortical representations, regardless of (in addition to the NBM lesions) did not show a further whether the plasticity is induced by normal learning or reduction in learning relative to NBM-lesioned animals. by peripheral injury/sensory deprivation, and suggest Compensation by cholinergic neurons endogenous to that the underlying mechanisms of plasticity may be the cortex remains a possibility, albeit unlikely. Another similar in all instances. An important point is that, in all explanation for the residual learning is that motor learncases, the basal forebrain lesion completely blocked ing does not require either cortical plasticity or cholinercortical plasticity, strongly implicating the basal foregic modulation, but the cholinergic-dependent plasticity brain cholinergic system as an essential component in increases the efficiency of learning. Importantly, the mediating plasticity associated with the reorganization basal forebrain cholinergic lesion does not eliminate the of cortical sensory and motor representations, regardforelimb representation but prevents its expansion. less of the paradigm through which the plasticity is inThus, an animal always has some level of cortical control duced.
over forelimb movement. The present data suggests In the present study, lesions of the basal forebrain that the expansion allocates more cortical resources to cholinergic system not only abolished the expansion of controlling the forelimb, thereby enabling the animal to the forepaw representation that normally occurs with achieve a level of motor refinement necessary to more learning, but such lesions actually reduced the size of efficiently execute a skilled movement. In the current study, the basal forebrain cholinergic compared to more complex tasks, may be related to system was shown to be essential for inducing cortical the different mechanisms of plasticity underlying the plasticity and enabling the flexible allocation of cortical different forms of learning. For example, higher cogniresources presumably required for learning a skilled motive/associative learning may not utilize cortical reorgator task. The present findings parallel results from previnization as a primary mechanism for encoding the beous studies examining attentional performance in rats havior in the same way that motor learning does. Cortical with selective lesions of corticopetal cholinergic neureorganization has primarily been observed within prirons. These studies have indicated that, while aspects mary motor and sensory regions; thus, behaviors utilizof attention are preserved in lesioned rats, these animals ing these cortical regions for encoding aspects of learnare unable to adapt their attention to meet the changing ing may be more dependent on this cholinergically demands of the task (for review see Baxter and Chiba, dependent form of plasticity.
1999; McGaughy et al., 2000)
. The existence of parallel An important observation in this study is that, although deficits across behavioral domains suggests a more lesions of the basal forebrain cholinergic system disrupt general role for the corticopetal cholinergic system in cortical plasticity and significantly impair motor skill the induction of cortical plasticity that is essential for learning, most lesioned animals do improve in reaching the optimization of learning and performance. accuracy over time, suggesting that some learning can still occur in the absence of the basal forebrain cholinergic system and cortical map plasticity. One possible electrodes (input impedance ‫5.0ف‬ MOhm at 300 Hz), filled with 3 M be adjusted so that the distance from the slot to the pellet could NaCl and containing a 125 m chlorided silver wire, were used. be varied from 1 cm to more than 10 cm.
Microelectrode penetrations were made at 500 m intervals at a Beginning 1 week prior to training, all rats were handled on a daily depth of ‫0081ف‬ m (corresponding to cortical layers V-VI). Stimulabasis and were habituated to the testing chamber. Four days prior tion consisted of a 30 ms train of 200 s duration monophasic to training, rats were weighed and put on food restriction to increase cathodal pulses delivered at 333 Hz from an electrically isolated, motivation. Weights were monitored daily and standard rat chow constant current stimulator (Axon Instruments, Union City, CA) under was given at the end of each test day to maintain body weight above the control of a programmable pulse generator (AMPI, Jerusalem, 80% of the initial weight (2% increase in weight per week was Israel). Two pulse trains were delivered 1.2 s apart, with additional calculated for the course of the study). All rats were initially trained pulse trains delivered as needed to assess body movements evoked to grasp for food pellets with the tray placed as close to the slot as by the stimulation. Evoked movements were examined with the possible. On the first two testing days, rats were fed reward pellets animal maintained in a prone position and the limbs supported in for orienting to the slot and no reaching was performed. On the a consistent manner. At each penetration site, the stimulating curthird day of training/shaping, rats were encouraged to reach for rent was gradually increased until a movement could be detected pellets by adding a small amount of peanut butter to the surface of (threshold current). If no movement could be detected at 400 A, pellets placed on the tray. Since the peanut butter enhanced pellet the site was defined as "nonresponsive." The size of the forelimb retrieval accuracy, by allowing the pellets to stick to the animal's representation for each animal was determined by multiplying the hand (rather than forcing the animal to grasp the pellet), data were number of responsive sites evoking a movement of the forelimb by not collected on training day 3. On the fourth day of training, the 0.25 mm 2 . In rare circumstances where a site elicited movements platform was located only 1 cm from the slot and peanut butter was of the forepaw and an additional part of the body, the site was still not used during testing. By the fifth training day, the food tray was attributed with 0.25 mm 2 toward the total forelimb representation moved to a distance of 2 cm from the slot and remained at this area. distance for the duration of the training. Each day, rats were placed into the test box for 10 min or until the rat had made 60 reaches. A Histology "reach" was scored when the rat extended its forelimb through the At the end of the behavioral and/or electrophysiological testing, rats slot. A "hit" was scored if the rat successfully brought the pellet were perfused with 75 ml phosphate buffered saline and 250 ml 4% back to his mouth and consumed it (rats rarely, if ever, did not paraformaldehyde in 0.1 M phosphate buffer. One group of animals, consume pellets brought back to their mouths, but if the pellet was containing five intact and five SAP-lesioned rats, was sacrificed and placed in the mouth it was scored a hit). The time to complete all their brains were placed into Golgi-Cox solution for further Golgi 60 trials and the limb used by each animal was recorded each analysis of dendritic spine morphology (unrelated to this study). For session. The order of testing was randomized each day. these animals it was not possible to verify the extent of immunolesions since the immunostaining protocol was not compatible with the Golgi-Cox fixation. Since comparable immunolesions were conHorizontal Ladder Crossing Overall sensorimotor function was evaluated using a horizontal ladfirmed in more than 25 animals in our lab, it was inferred that lesions in the 5 Golgi-Cox processed animals were similar. For all other der task as has been described (Soblosky et al., 2001 ). In brief, 12 rats (6 with bilateral SAP lesions of the NBM and MS ϩ 6 control) animals, 40 m coronal sections were cut on a sliding microtome. A series of sections, 480 microns apart, were processed using a were habituated to the apparatus over a period of 2 days and were encouraged to walk across the rungs to reach a platform for a food thionin stain. An additional series of sections, 240 m apart, were processed for AChE using a modified Tago method (Di Patre et al., reward. The ladder consisted of a series of 46 rungs (2 mm thick wire), each 11 cm long, spaced evenly apart (5.2 cm spacing), and 1993), and an adjacent series of sections (also 240 m apart) were processed for the p75 receptor according to previously described was suspended 1 meter above the floor. A digital camera was mounted below the ladder to record all trials for further analysis. methods (Conner et al., 1992). AChE was carried out on free-floating sections. Sections were washed briefly in 0.05 M Tris-maleate buffer Each animal was then required to run seven trials over a period of two nonconsecutive days (three trials one day and four trials the (pH ϭ 5.7), incubated for 10 min in Tris-maleate buffer containing 6 g/ml promethazine, and washed two additional times in Trisnext). A trial was counted when an animal crossed the entire span of the ladder. Forelimb footfalls were scored whenever the animal's maleate buffer. Sections were incubated for 30 min in a 32.5 mM Tris-maleate buffer solution containing 5 mM sodium citrate, 3 mM wrist slipped below the ladder rungs and hindlimb footfalls were scored whenever the ankle slipped below the ladder rungs.
cupric sulfate, 0.5 mM potassium ferrocynide, and 0.52 mg/ml ace-
